We calculate CP-violating rates and asymmetry parameters in charged and neutral B → ππ, πK andKK decays arising from the interference of tree and penguin (strong and electroweak) amplitudes with different strong and CKM phases. The perturbative strong (electroweak) phases develop at order α s (α em ) from absorptive parts of one-loop matrix elements of the next-to-leading (leading) logarithm corrected effective Hamiltonian. The BSW model is used to estimate the hadronic matrix elements. Based on this model, we find that the effect of strong phases and penguins is substantial in most channels, drastic in many. However, a measurement of the time dependence parameter a ǫ+ǫ ′ in the π + π − channel is only influenced at the 20% level by the complication of the penguins. Recent flavor sum rules developed for B 0,± → ππ, πK, KK amplitudes are tested in this model. Some are well satisfied, others badly violated, when electroweak penguins are included.
Abstract
We calculate CP-violating rates and asymmetry parameters in charged and neutral B → ππ, πK andKK decays arising from the interference of tree and penguin (strong and electroweak) amplitudes with different strong and CKM phases. The perturbative strong (electroweak) phases develop at order α s (α em ) from absorptive parts of one-loop matrix elements of the next-to-leading (leading) logarithm corrected effective Hamiltonian. The BSW model is used to estimate the hadronic matrix elements. Based on this model, we find that the effect of strong phases and penguins is substantial in most channels, drastic in many. However, a measurement of the time dependence parameter a ǫ+ǫ ′ in the π + π − channel is only influenced at the 20% level by the complication of the penguins. Recent flavor sum rules developed for B 0,± → ππ, πK, KK amplitudes are tested in this model. Some are well satisfied, others badly violated, when electroweak penguins are included.
I. INTRODUCTION
So far CP violation [1] has been detected only in processes related to K 0 −K 0 mixing [2] but considerable efforts are being made to find it in B decays. Partial rate and time dependence asymmetries are the leading signals if the CKM [3] model of CP violation is the correct guide. The next generation of B experiments will then make detailed probes of rates and time dependence from which, in principle, a definitive test of the CKM scheme can be made in a model independent way. This amounts to testing whether the unitarity triangle closes, that is, whether three generations and a single phase suffice to describe CP violation in the K and B systems.
CP violation in the CKM model is either 'direct,' in which two amplitudes for the same process have different weak and strong phases, or 'indirect,' in which one of the two interfering amplitudes proceeds through the mixing of the neutral B andB mesons. Rate asymmetries between charge conjugate B ± exclusive channels are purely direct. Their advantage is that they do not require complicated time dependence measurements, involving tagging, and they are definitive signals of CP violation if seen. Their disadvantage is that a model is needed to calculate the strong phase if CKM phase information is to be extracted.
Typically these asymmetries arise when tree and penguin amplitudes interfere. A further complication is that direct and indirect CP violation occur simultaneously in neutral decays when there are penguin as well as tree amplitudes in addition to mixing. A recent treatment of this complication can be found in reference [4] .
Various authors have shown how to extract CKM phases from certain sets of measurements in a fairly model independent way. Gronau and London [5] have shown that measurements of all charge states in B → ππ, as well as the time dependence of B → π + π − are required to obtain the CKM phases. Nir and Quinn [6] have extended this analysis to the Kπ system. Finally, Gronau et al. [7] have argued that by using SU(3) relations, there is enough information from rates alone to determine the CKM phases without measurements of time dependence. Unfortunately this analysis relied heavily on the assumption that elec-troweak penguins were negligible. Subsequently Deshpande and He [8, 9] showed that this analysis which relied on SU(3) symmetry and the particular structure of the strong penguins ceases to be true when electroweak penguins are included. Recently the authors of reference [7] have modified and extended their approach to include electroweak (EW) penguins and B s transitions [10] .
In practice a full determination of all rates and time dependence is a formidable experimental task. Thus in the first stages input from models will be useful to guide the analysis to the measurements which are most easily made and which can give the best early answers.
This requires a consistent modelling of tree and penguin amplitudes including strong phases.
The strong phase is generated by final state interactions. At the quark level the strong interaction effects can be modeled perturbatively, following Bander, Silverman and Soni [11] , by the absorptive part of penguin diagrams.
Recently we have developed a model for the strong phases of the penguins and applied it to rate asymmetries in charged B → P P, P V, V V channels [12, 13] . In order to systematically take into account the O(α s ) penguin matrix elements, we base our treatment on the nextto-leading logarithmic short distance corrections evaluated by Buras et al. [14] . In this work we have also included the O(α em ) electroweak penguins in order to investigate their effect on rates, asymmetries, and the SU(3) sum rules.
Having modeled the tree and penguin operators, we use factorization and the BSW current matrix elements to calculate rates and asymmetries. In this note we will apply this model to neutral and charged ππ, πK, KK channels. Of course, in order to make definitive predictions we need the CKM parameters as input. A recent study of the experimental data constraining these parameters is the work of Ali and London [15] which shows a preferred solution of ρ = −0.12, η = 0.34 in the Wolfenstein representation. We use this solution as an illustrative example of how significant strong and electroweak penguins can be in this model.
Of course other still possible values for ρ and η will lead to somewhat different predictions.
The remainder of this paper is organized as follows. In Sect. 2 we describe the effective weak Hamiltonian and the evaluation of the hadronic matrix elements. In Sect. 3 we give a short account of ref. [4] needed for our calculation. The final results for the branching ratios and rate differences are discussed in Sect. 4 . In this section we also analyse the SU(3) sum rules. In Sect. 5 we end with a short summary and draw some conclusions.
II. THE EFFECTIVE HAMILTONIAN
In the next two subsections we present the short distance Hamiltonian and the quarklevel matrix elements. In subsection 2.3 we describe the evaluation of the hadronic matrix elements which are relevant for the P P final states.
A. Short Distance QCD Corrections
For calculations of CP-violating observables it is most convenient to exploit the unitarity of the CKM matrix and split the effective weak Hamiltonian into two pieces, one proportional
ud in the case of b → d transitions) and the other one proportional
The two terms (q = u, c)
differ only by the quark content of the local operators, and for our purposes it is sufficient to consider only the following four-quark operators:
where L and R are the left-and right-handed projection operators. by writing [14, 19, 20] 
where the coefficientsc j are scheme independent at this order. The matrix elements r s,ew ij have been evaluated in references [20, 14, 19, 8] . To obtain numerical values for thec i we must specify the input. We choose α s (M z ) = 0.118, α em (M z ) = 1/128 and µ = m b = 4.8 GeV .
Then we have [14, 9] 
Other values using slightly different input can be found in [20, 14] . The electroweak coefficientc 9 , as noted in reference [9] , is not much smaller than the strong penguins; its major contribution arises from the Z penguin.
B. Quark-level Matrix Elements
Working consistently at NLL precision, the matrix elements of H eff are to be treated at the one-loop level in order to cancel the scheme dependence from the renormalization group evolution. The one-loop matrix elements can be rewritten in terms of the tree-level matrix elements of the effective operators [20, 21, 12, 13 ]
The functions m Fleischer [20, 21] and Deshpande and He [8] .
When expressing the rhs of (6) in terms of the renormalization scheme independent coefficientsc i , the effective coefficients multiplying the matrix elements sq ′q′ |O
The renormalization scheme dependence, which is present in m ij and r ij , explicitly cancels in the combinations m 
where we have separated the contributions c t and c p from the "tree" operators O 1,2 and from the strong penguin operators O 3···6 , respectively. c e , given below, comes from the electroweak penguins.
In addition to the contributions from penguin diagrams with insertions of the tree oper-
where ∆F 1 is defined in [12] , we have evaluated the penguin diagrams for the matrix elements of the penguin operators [12] :
For the electroweak penguins we consider only those arising from the insertion of the tree operators. The corresponding coefficient is given by
Note that the coefficients c eff i depend on k 2 and, as we shall see later, on thestates that are included in the sum over the intermediate states.
C. Hadronic Matrix Elements in the BSW Model
To take into account long distance QCD effects which build up the hadronic final states, we follow Bauer, Stech and Wirbel [22] : , for example, this is given by
Using the Dirac equation, the matrix elements entering here can be rewritten in terms of those involving usual (V −A) currents,
with
Here, m q1 (mq 1 ) and m q2 are the current masses of the (anti-)quark in the mesons P 1 and P 2 , Finally, one arrives at the form
where j µ and j 2 are listed in the appendix. In terms of the form factors F 0 for the current matrix elements defined by BSW [22] , this yields
M B is the mass of the decaying B meson and f P is the decay constant of the pseudoscalar mesons in the final state.
Concerning how 1/N terms are treated in the coefficients (see (8) and (18)), it is well known [23] that this model has problems accounting for the decays with branching ratios which are proportional to the combinationc 1 +c 2 /N. This is due to the rather small absolute value of this particular combination when using the short-distance QCD corrected
coefficients. An analogous effect is also known in nonleptonic D decays [22] , and several authors advocated a modified procedure to evaluate the factorized amplitudes [22, 24] : There, only terms which are dominant in the 1/N expansion are taken into account. Recently there has been much discussion in the literature concerning these issues. Fits to measured branching ratios indicate that the effective a 1 coefficient has the opposite sign from that expected if the 1/N terms are completely cancelled by non-factorizable terms, as if the cancellation were incomplete, an effect mimicked by taking N = 2. In this work we shall quote results for N = ∞ and N = 2.
The strong phase shifts are generated in our model only by the absorptive parts (hard final state interactions) of the quark-level matrix elements of the effective Hamiltonian. Of course, when factorizing the hadronic matrix elements, all information on the crucial value of the momentum transfer k 2 of the gluon in the penguin diagram is lost. While there has been an attempt [25] to model a more realistic momentum distribution by taking into account the exchange of a hard gluon, we will use here for simplicity only a fixed value of k 2 . From simple two body kinematics [26] or from the investigations in ref. [25] one expects k 2 to be typically in the range
The results we shall present are sensitive to k 2 in this range because the cc threshold lies between these limits. Arguments have been made that the lower limit is a more appro-priate choice [27] . In this work we follow [12] and choose the upper limit for our numerical presentation in the tables.
The factorization coefficients Z (q) 1,2 defined in (15) are listed in Tab. 1 a,b for the B → P P channels of interest. Here we add tree and penguin contributions. It is understood that they have different CKM factors which must be inserted. Colour suppressed terms may readily be included in the coefficients
where {i, j} is any of the pairs {1, 2}, {3, 4}, {5, 6}, {7, 8},or {9, 10}. In Tab. 1 a,b we have adopted the convention of including factors of √ 2 associated with a neutral meson P 2 .
They arise either from current matrix elements between P 2 and B (Tab. 1 a), or from the definition of the decay constants for P 2 (Tab. 1 b). Care should be taken with the latter since these factors are sometimes absorbed into the decay constants (e.g. as tabulated in [22] ).
Our phase convention for the mesons states relative to the weak Hamiltonian is defined by:
III. CP-VIOLATING OBSERVABLES
In this section we define our notation and review the CP violating observables, following the treatment of reference [4] .
with each other and form two physical mass eigenstates
The CP-violating parameter ǫ M is introduced via
where
Let f denote the final decay state of the neutral meson andf its charge conjugate state.
The decay amplitudes of M 0 andM 0 are denoted by
Parameters containing direct CP violation are defined by
In terms of these, the rephase-invariant observables are:
Only three of them are independent as (1 − a
one has observables aǭ′, a ǫ+ǭ ′ and a ǫǭ ′ similar to a ǫ ′ , a ǫ+ǫ ′ and a ǫǫ ′ but with ǫ
Two additional rephase-invariant quantities complete the set of observables,
To apply this general analysis to the specific processes considered in this work, consider the following two cases:
, f orf is not a common final state of M 0 and M 0 . This applies to the channelB 
In the following we will make the good approximation that a ǫ = 0. In the scenario i), one has: a ǫ ′ = −aǭ′ = 1 , a ǫ+ǫ ′ = 0 = a ǫ+ǭ ′ and a ǫǫ ′ = −1 = a ǫǭ ′ . The time-dependent rate asymmetry is:
There is a second asymmetry corresponding to the last expression but with M 0 replaced by M 0 . When a ǫ = 0 these asymmetries are equal. This asymmetry also applies to charged decays.
In the scenario ii) in which a ǫ ′ = a ǫ ′′ = aǭ′ = aǭ′′ and a ǫ+ǫ ′ = a ǫ+ǭ ′ , the time-dependent CP asymmetry is:
If |∆Γ| ≪ |∆m| and |∆Γ/Γ| ≪ 1 then, A CP (t) further simplifies
which may be applied, in a good approximation, to the B 0 −B 0 system.
Because of the notation in this section, a ′ ǫ is the rate asymmetry for the CP eigenstates, case (ii) decays, whereas a ǫ ′′ is the rate asymmetry for case (i) and charged decays. To simplify the tables of the next section, the rate asymmetry always appears labeled by a 
(see (31)) has two terms, one proportional to cos(∆mt) with the coefficient a ′ ǫ , the other one proportional to sin(∆mt) with coefficient a ǫ+ǫ ′ . These two coefficients are given in the third and fourth columns of Tab. 2 and 3, respectively. For the channels that are not CP eigenstates, there is no entry because there is no time dependent asymmetry. In the fifth column we give the rates averaged over B andB. In the last two columns we present the real and imaginary part of the amplitude as defined in (15) .
The rates and asymmetry parameters are quite different for N = ∞ and N = 2 so we consider these cases separately, first in the approximation of neglecting the electroweak penguins.
A. N = ∞, Without Electroweak Penguins
Let us consider first the results forB 0 → π 0 π 0 with 1/N = 0. Here the influence of the penguins is very large, since C (color suppressed tree) and strong penguin P are of the same order of magnitude and have the same sign. The amplitude of this decay is ∼ (P −C), which is small so that with strong penguins the sign of the real part of the amplitude changes. This has an effect on a ǫ+ǫ ′ , which for t + p' also changes sign, so that in this case a ǫ+ǫ ′ changes dramatically compared to the tree value a ǫ+ǫ ′ = −sin2α. With absorptive parts added (t + p) we generate a non-zero value for a ′ ǫ , which now is of the same order of magnitude as a ǫ+ǫ ′ completely changing the time dependence of A CP (t). We see that a ǫ+ǫ ′ is influenced very little by the absorptive part. The branching ratios are small in all cases, about 5 · 10
even when penguin terms are included.
The pattern is similar for the decayB 0 →K 0 π 0 . The influence of the penguin terms is even stronger as one sees in the real part of the amplitude which changes by a factor of 40, increasing the branching ratio by two orders of magnitude. The influence on a ǫ+ǫ ′ is also strong, as in the previous case. The other parameter a ′ ǫ is non-vanishing when we add the absorptive parts, but is only about -3% so that it has little influence on A CP .
Next we discuss the decayB 0 → π + π − which is most interesting since it is considered as the decay channel by which the angle α could be measured from the asymmetry A CP (t). This is governed by the two parameters a The last decay with a time dependent asymmetry is the pure penguin modeB
The parameters a ǫ+ǫ ′ and a ǫ are almost equal when absorptive parts are included. They are of the order of 10% so that the total time dependence is not very large. The change of a ǫ+ǫ ′ by the absorptive parts of the penguins is only about 20%.
In Tab. 2 we also present the results for the decayB 0 → K − π + . This final state is not a CP eigenstate and we must apply the formalism of case (i) above. The only physical parameters are the branching ratio and the parameter a ǫ ′′ defined in (25) above. This parameter is listed in the third column of Tab. 2 and 3 respectively with the label a ǫ ′ .
The asymmetry is of the order of 10% and is negative. As we see, this asymmetry is time independent and not affected by mixing. We notice that a ǫ ′ (π
good approximation. This result can be easily explained from the formulas and also through the recent work of Deshpande and He [9] .
− have been considered in our earlier work [12] . Of interest are the results for the branching ratios and the rate asymmetry parameter a ǫ ′ . Since in this work we assumed different values of the CKM parameters ρ and η the asymmetry has changed. The different sign as compared to our earlier work has to do with the fact the the asymmetry is the difference B 0 −B 0 [4] rather the opposite used in ref [12] .
B. N=2, Without Electroweak Penguins
When we now look back at the more realistic case with N = 2, which accounts for the sign change in the QCD coefficient a 1 (See (18)) the pattern of the results does not change very much, but with two exceptions. In the decayB 0 → π 0 π 0 the interference between tree and penguin contributions in the amplitude proportional to (P-C) is now different. This has the effect that a ǫ ′ is smaller now and has the opposite sign. Furthermore the effect of the absorptive penguin terms on a ǫ+ǫ ′ is decreased and the branching ratio increases now due to penguin contributions. In the decayB 0 →K 0 π 0 the a ′ ǫ is also changed; it is smaller and has the opposite sign. a ǫ+ǫ ′ is increased and the branching ratio is somewhat smaller than in the N = ∞ case. Of course the result
is still valid. In ref. [9] one can see explicitly that this relation is independent of the details of the QCD coefficients.
We conclude that independent of details of the QCD coefficients the influence of the penguins as compared to the tree contributions is very significant in the channels π 0 π 0 ,K 0 π 0 .
The penguins influence rates and also the time dependence through a ǫ+ǫ ′ . The influence of the absorptive parts on the time dependence is not very important. They do influence a ǫ+ǫ ′ and add an additional time dependent term in the decayB 0 → π 0 π 0 in the N = ∞ version where the C and P terms interfere destructively.
C. Electroweak Penguins
The most significant electroweak penguin operator is the term proportional to c 9 which influences coefficient a 9 and a 10 (much less) in (18) . Therefore we expect channels in Tab. 1 with a 9 coefficients to be most strongly affected by the electroweak penguins. This is evident from Tab. 2 and 3 for the π 0 π 0 , π 0 π − ,K 0 π 0 and K − π 0 channels if we look at amplitudes.
The change is stronger in ReA. The change of the imaginary part is only 30% of the change of the real part for the π 0 π 0 and π 0 π − and negligible in the imaginary part for theK 0 π 0 and K − π 0 channels. This is because the CKM phase is real in the Kπ channels. It is interesting to note that for N = ∞ the time dependence of the asymmetry for the decayB 0 → π 0 π 0 is significantly influenced by the change of a ǫ+ǫ ′ . This is not the case for N = 2, where a ǫ ′ is also smaller. From Tab. 2 and 3 it is evident that the electromagnetic penguins can influence branching ratios substantially as shown by the K − π 0 andK 0 π 0 channels.
D. Effect of Penguins on Flavor Sum Rules
In this section we shall examine the effects of the SU(3) breaking in the matrix elements and the influence of the EW penguins on the sum rules of [5] [6] [7] . We shall start with the sum rule for B → ππ amplitudes based on SU(2) symmetry [5] , which with our definition of quark content in (19) (20) (21) is:
If we neglect the π ± − π 0 mass differences etc, the amplitude A and B have according to Tab. 1 the following form in terms of the coefficientsâ i which contain in addition to the Wilson coefficients a i the appropriate CKM factors for tree and penguin contributions,
where M is the reduced matrix element assuming SU(2) symmetry and factorization which can be read off from (16) Similarly, we have for the B → Kπ transitions the sum rule
where r u = V us /V ud has been inserted for later use.
Since for B → Kπ two different reduced matrix elements occur in (16) , the amplitudes C and D are now given by
where the M 1 (M 2 ) are the reduced matrix elements in (16) proportional to the Z (q)
and theâ ′ i are the Wilson coefficients multiplied by the appropriate CKM matrix elements.
As in the case A = B the sum rule C = D is broken only by small SU(2) mass differences.
Futhermore the strong penguin amplitudes drop out in the amplitudes C and D for the same reason they did in A and B. In Tab An important sum rule based on SU(3) symmetry and absence of EW penguins in reference [7] is
In contrast to the previously considered sum rules, different matrix elements are now in- The last relation considered in reference [7] is the quadrangle relation E = F . For our model including strong and EW penguins we have
and
It is clear from (40,41) that the relation E = F is badly spoiled by the SU (3) This has the consequence that apart from the SU(3) breaking the sum rule E = F is very badly violated for the ReA by a factor of 2.5 (N = ∞) or 1.7 (N = 2), respectively.
This calculation supports the criticism of reference [8, 9] to the scheme for extracting weak phases advocated in reference [7] . The latter authors have subsequently modified their analysis to include EW penguins [10] . By making additional measurements of B s decays, they argue that it is still possible to extract the CKM angles from rate measurements alone.
A somewhat different scheme has been proposed by Deshpande and He [28] 1,2 for various B → P 1 P 2 decays. The short distance coefficients a i are defined in (18) and the factor R is given in (14) . The coefficients do not include the appropriate CKM phases as in (1) and (2 Tab. 1a
Tab. 1b 
